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ABSTRACT: Identifying similarities and differences among
isoelectronic moieties is crucial for understanding chemical
bonding, stability, and reactivity. Here, the molecular and
electronic structures, chemical bonding, and binding energles of
the N,NH, HNN,NH, [C,NH] /%7, and [HNC,NH] />~ moieties
are calculated via DFT, CCSD(T), QCISD(T), and MRCISD-
(+Q) methodologies. Although N, and [C,]*” are isoelectronic
and both exhibit triple bonds in their ground Xlz * state and
double bonds in their first excited A’X," state, thelr binding
energies and stabilities differ. These variations, along with the
metastable nature of [C,]*7, affect the bonding and energetics of
the studied species. Thus, the N;H and N,H, molecules have
singlet ground states, while the [C,NH]*~ and [C,N,H,]*~

J— .
N, (A%
6] / N 2 : o)
. IN=N:—N: / ‘
. ‘
2 ‘NZNH INH ‘N’—:H“TH (G (A%,
s o] 1 NWn) (G (xE)
O dcd: NN +3NH +2x 3NH(X %%) o4 2% 3NH(X 3E)
= -2 Jcrossin . ‘
g ] Croem) 1Y
g -4 4 'HNN,NH NI(SI;) +2x°NH IC,NH]? + °NH
= 64 i i
1l 3 2 '
s \=‘V) NH + [c NHI' _[HNC,NH]?
VR LA ' — \ S
N=N | ' - R B
12 NEE w //H > /ll m
2 2[HNC,NH] = ( \‘ C=C VI =C=C
J144 & \;/ \ /

anions present triplet ground states. The N=N-—NH is formed via a

dative bond from N,(X 'S +) to NH(a'A), while adding another NH, the bonding changes to HN=N—-N=NH; their CCSD(T)
formation energies are —2. 59 eV (N,NH) and —11.93 eV (HNN,NH). On the contrary, in both [C,NH]*~ and [HNC,NH]*~
anions, electron charge is transferred to NH, i.e., the in situ diatomic moieties are excited states of [C,]™ and C, + NH™ (X°I1).

Their formation energies are —1.14 eV (
or two NH stabilizes both [C,NH]*>~

1. INTRODUCTION

Polynitrogens are regarded as promising clean energy storage
materials due to their exceptionally high energy content.'
Thus, the synthesis of a metastable molecular nitrogen
allotrope beyond N, or compounds including polynitrogens
enhances the fundamental understanding of chemistry and may
pave the way for novel energy storage technologies in the
future.®> Over the last three decades, the demand for sodium
azide (NaN;), which is the principal active ingredient in
automobile air bag inflators, has significantly increased, while
its accidental environmental releases have also increased.”
NaNj is readily hydrolyzed to yield hydrazoic acid, also known
as hydrogen azide, azic acid, azoimide, or triazirine, HN; or
N;H. The azic acid is a volatile substance that is strongly
distributed to the gas phase under atmospheric conditions. For
instance, even at low concentrations of 6.5 ppm (m/v) NaN,
in the aqueous phase, the concentration of its hydrolyzed N;H
product in the corresponding gas phase in atmospheric
conditions reaches the threshold limit value of 0.11 ppmv.’
Thus, it is important to investigate the reactions of the HNj;
product, i.e., its molecular structure and photophysical
properties.””’

The addition of an NH molecule to N3H can result in the
formation of the tetrazetine, N,H,. Theoretical calculations

© XXXX The Authors. Published by
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[CZNH]Z_) and —8.57 eV ([HNC,NH]?"). Electron transfer from metastable [C,]*~
and [HNC,NH]*", suggesting their possible experimental detection.

to one

have shown that both N;H*™® and N,H,” are stable. Their 4
heat of formation, i.e., the formation from the corresponding 47
atoms, was calculated at 453.7 kJ/mol = 4.70 eV and 514.1 kJ/ 48
mol = 5.33 eV, at the G2 level of theory.® Tetrazetine, N,H,, is 49
an important molecule because it forms the core structure of so
tetrazines, which are well-known compounds for their s1
applications in medicinal chemistry, as a drug, and in material s2
science, where they absorb visible light, and they are used in s3
various metal-free catalytic methodologies in organic synthesis s4
and the chemical industry.'” Thus, the investigation of the ss
electronic structures, bonding, and reactivity of nitrogen- s6
centered radicals attracts the interest of the research s7
community, and a variety of nitrogen-centered radicals have ss
been studied with DFT or high-level correlated methods.'™"" s

Monoanions of carbon clusters have now been detected by 6o
negative ion photoelectron spectroscopy.'” In 1954, Honig 61
detected the first monoanions, C,-, C;~, and C,”."* The &
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Figure 1. Minimum structures and relative energies in eV of the N,NH and HNN,NH molecules at the B3LYP/6—311+G(d,p), (CCSD(T)/aug-

cc-pVTZ), and [QCISD(T)/aug-cc-pVTZ] methods.
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Figure 2. Minimum structures and relative energies in eV of the [C
(CCSD(T)/aug-cc-pVTZ), and [QCISD(T)/aug-cc-pVTZ] methods.

,NH]*~ and [HNC,NH]*~~ anions at the B3LYP/6—311+G(d,p),

majority of the dianions in solid state or in solutions cannot
exist as isolated species, while they decay in the gas phase by
electron autodetachment.'”"> Evidence of the dianions has
been obtained via mass spectroscopy.'”"’ The [C,]*” is the
simplest dianion; it is a metastable system, and its lifetime has
been measured at 0.1 fs.'® Its electronic structure has been
calculated via perturbation theory and multireference inter-
action methodologies'’~'” and its lifetime has been calculated
at 2.5 fs."”

Given that the [C,]*” dianion is metastable due to an
autodetachment process, where an autoionization process
occurs, and the electron is spontaneously emitted, a question
arises. Can the attachment of one or two NH stabilize the

[C,]*>” dianion? In other words, can the dianions [C=C—
NH]*" and [HN—C=C—NH]*" be experimentally observed?

Although the electronic structure and reactivity of nitrogen-
centered radicals have been studied, the influence of NH
attachment on N3H and, particularly, its effect on chemical
bonding have not been investigated. Furthermore, there is a
gap in the literature regarding studies of [C,N,H,] specific
moieties; note that they are integrated only as part of larger
studies on nitrogen compounds or nitrogen fixation
intermediates.'’ In addition, we are not aware of any
theoretical or experimental reports on the possible formation
of dianions [C,NH]*~ and [HNC,NH]*". Thus, the present
study seeks to fill this gap in the literature.
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89 In the present paper, the chemical bonding, the molecular
90 and electronic structures, and the dissociation energies of the
91 N3H and N H, molecules with respect to HN + N, molecules
92 are studied. Furthermore, their isoelectronic [C,NH]*>~ and
93 [C,N,H,]*” anions are calculated as well as those of the
94 [C,NH]™ and [C,N,H,]™ anions. Their binding energies and
95 thermochemical stability have been studied via density
96 functional theory (DFT), coupled cluster (CC), configuration
97 interaction (CI), and multireference configuration interaction
98 (MRCI) methodologies. The present study aims to (1) study
99 the effect of the NH attachment on N;H and [C,NH]*~
100 regarding their chemical bonding and stability; (2) decipher
101 the differences in electronic structure and chemical bonding
102 between the isoelectronic N;H and [C,NH]*~ or between the
103 isoelectronic N,H, and [C,N,H,]*7; (3) evaluate the effect of
104 the NH bonding on the metastable [C,]*~ dianion; and (4)
105 predict if the formed dianions [C,NH]*~ and [C,N,H,]*” can
106 remain for experimental observation. Finally, it should be
107 noted that this study can be further expanded to other
108 isoelectronic systems, such as those involving carbon—nitrogen
109 or carbon—carbon species with similar bonding motifs, which
110 could highlight broader principles governing stability and
111 bonding differences. These directions would advance the
112 chemical understanding of these isoelectronic moieties and
113 related species, exploring potential applications in materials
114 science or nitrogen chemistry.

- o

2. COMPUTATIONAL DETAILS

115 First, a DFT conformation analysis of the N;H and N,H,
116 molecules and of the isoelectronic [C,NH]*~ and [C,N,H,]*~
117 dianions were carried out for the singlet, triplet and quintet
118 spin states, as well as for the [C,NH]™ and [C,N,H,]™ anions,
119 at the B3LYP***'/6—311G+(d,p)*” level of theory, see Figures
120 1 and 2. For simplicity, the multiplicity of spin is given as a
121 superscript in the molecular type, for example, 'N;H or
122 °[C,N,H,]*", see Figures 1 and 2. For all minima structures,
123 their frequencies were calculated to confirm that they are true
124 minimum  structures. Furthermore, to check their stability,
125 molecular dynamics simulations (MD)>* for the lowest minima
126 have been carried out via a classical trajectory calculation™
127 using a Born—Oppenheimer molecular dynamics model™ at
128 the B3LYP/6—311G+(d,p) level of theory. The vibrational and
129 rotational sampling temperature is 300 K, and a step size of
130 0.25 amu'/?bohr was used for all calculations. MD calculations
131 showed that the minimum structures remain stable. Note that
132 the calculation of trajectories via the B3LYP/6—311+G(d,p)
133 has been evaluated as adequate in small molecular systems
134 such as the photodissociation of formaldehyde.**

135 Then, for the lowest in energy minima structures and
136 additional single point calculations were performed at the
137 coupled cluster singles + doubles + perturbative triples
138 [CCSD(T)]***” and quadratic configuration interaction +
139 single + double + perturbative trigles [QCISD(T)]***
140 employing the aug-cc-pVTZ basis set.”” For the lowest-energy
141 minimum structures, the geometries were optimized at the
142 CCSD(T) level of theory. In some cases, the bond distances
143 alter up to 0.03 A; however, the energy differences between the
144 single point CCSD(T)/B3LYP energies and optimized
145 CCSD(T) energies range from 0.004 to 0.03 eV. Thus, the
146 energetics have been calculated at the CCSD(T)/aug-cc-pVIZ
147 level of theory, which is widely accepted as an adequate
148 method for high-quality correlated calculations of small to
149 medium molecules. Previous studies benchmark CCSD(T)/

—

—

oo

aug-cc-pVTZ results for multiple reaction energies and find it 150
sufficiently accurate to serve as a reference method against 151
which lower-cost methods are compared.”' 152

Furthermore, a complete active space self-consistent field 153
(CASSCF) calculation was carried out by allotting the 16 154
“valence” electrons, namely, H(1s)! and N or C™(2s2p),” to 11 155
valence orbitals of the N3H and C,NH>" species. Then, 1s6
multireference configuration interaction + single + double 157
excitations (MRCISD) and the MRCISD+Q,*” where +Q is 158
the Davidson correction, were employed. The MRCISD spaces 159
range from 4 X 10% to 2 X 10° configuration state functions 160
(CSFs). By applying the internal contraction approximation 161
(icMRCTI),” the size of the CI spaces is reduced by at least an 162
order of magnitude. Furthermore, potential energy curves 163
(PEC) were plotted with respect to HN + N, (or [C,]*7) 164
products. It should be noted that the MRCISD+Q/aug-cc- 165
pVTZ method can provide accurate excitation energies for a 166
diverse set molecule including multireference systems, 167
validating its use for such calculations.* 168

The thresholds used for all calculations are 107° for the 169
change of the total energy, maximum displacement con- 170
vergence criterion is <0.0012 A. DFT, QCISD(T), CCSD(T),
and DFT-MD calculations were carried out via Gaussianl6,”> 172
CASSCF, icMRSISD(+Q), and CCSD(T) calculations were 173
carried out via Molpro2022.3.* 174

—_
~
—_

3. RESULTS AND DISCUSSION

First the diatomic N, [C,]®*7, and NH species were 175
calculated at the B3LYP, CCSD, CCSD(T), QCISD(T), 176
MRCISD, and MRCISD+Q/aug-cc-pVTZ methodologies, i.e., 177
the same methodologies employed for the N,NH, HNN,NH, 178
[C,NH]*>~ and [HNC,NH]>~~ moieties in order to validate 179
our computational approach and to determine the binding 180
energies. For the N,, [C,]*7, and NH, both their ground and 181
excited states were calculated, see Table 1. The available 182t
experimental values, as well as the maximum and minimum 183
deviation between the experimental data and the present 184
calculations, as well as the average deviation of all calculated 1ss
states of the six molecules or anions, are also included. It was 186
found that all methodologies predict very well the geometries 187
of the calculated states, ie., they agree with available 1ss
experimental results,”’~** and the average deviation is 0.001 189
A, see Table 1. The corresponding energetics are also well 19
predicted. The dissociation energies obtained via the CCSD- 191
(T), QCISD(T), and MRCISD+Q _methodologies are in very 192
good agreement with the available experimental values. Their 193
absolute values of the deviation range from 0.02 to 0.74 eV for 194
CCSD(T), 0.03 to 0.75 eV for QCISD(T), and 0.03 to 0.57 195
eV for MRCISD+Q. The largest deviation from the 196
experimental values is obtained for the a’X,’ state of N,. 197
The difference between the calculated relative energies of the 198
excited states for each molecule and the experimental energies 199
is only up to 0.16 eV for the MRCISD+Q method, showing 200
excellent agreement between theory and experiment. Below, 201
the calculated data are reported in more detail along with 202
published data. 203

Both N, and [C,]*” form a triple bond ¢*7*7* in their 204
ground X 12g+ state. The state is a single reference state; i.e., 205
the MRCISD coeflicient of their main configuration is about 206
0.95, showing that B3LYP, CCSD(T), and QCISD(T) are 207
appropriate for its calculation. Note that while the X states of 208
both molecules form triple bond, the dissociation energy (D,) 209
of the [C,]*” is about 1/3 of the D, value of the N, ie., 210

https://doi.org/10.1021/acsomega.5c09124
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Table 2. Bond Distances R (A), Angles ¢ (Degrees) and Dipole Moments g (D) of the Calculated Minimum Structures of the
L35N,NH, **[C,NH]*", and *[C,NH]" Species at the B3LYP/6-311+G(d,p) and RCCSD(T)/aug-cc-pVTZ" Methods

molecule structure Rx_xb Ry nu
IN,NH ml 1.130 1.239
“ 1.136 1.249

m2 1.189 1.541

3N,NH ml 1.183 1.408
m2 1.464 1.363

SN,NH ml 1.479 1.259
'IC,NH]*~ ml 1271 1.360
m2 1.329 1.650

3[C,NH]*~ ml 1.285 1.286
“ 1.295 1.299

m2 1.402 1.433

S[C,NH]* ml 1.460 1.252
2[C,NH]~ ml 1.282 1.298

Ry_u Punx PnNxx H
1.020 110.36 171.02 1.964
1.019 108.48 171.31

1.028 102.41 67.30 1.612
1.032 102.86 120.87 2.180
1.026 123.33 57.54 2.713
1.036 120.92 113.47 2.088
1.026 108.25 176.87 6.706
1.030 104.47 66.27 4.256
1.031 111.55 173.06 2.363
1.024 112.88 173.06

1.032 129.92 60.71 1.797
1.036 117.00 134.15 1.924
1.026 109.94 175.45 4.436

“RCCSD(T)/aug-cc-pVTZ. ®The X atom corresponds to the N or C atom of the N, or [C,]*".

211 3.12(3.19)[2.98] eV and 9.75(9.44)[9.42] eV at the B3LYP-
212 (RCCSD(T)) [MRCISD+Q] methods; obviously the weak-
213 ening of the D, value of the triple bond of the [C,]*”
214 compared to N, is due to the double negative charge of the
215 [C,])*” species. The first excited state of both the N, and
216 [Cy]*” species is the a’T," state, where a double ¢*7* bond is
217 formed. Again, the D, value of [C,]*” is smaller than the D,
218 value of the N,; however, the D, values differ only by about 0.9
219 €V, and thus the corresponding R, values of the a’%," state of
220 the N, and [C,]* species differ only by about 0.01 A. On the
221 contrary, the R, values of the ground states differ significantly
222 by about 0.2 A in accordance with the large value of the
223 binding energy in N,. Finally, the relative energy (T.) of the
224 two states is about 6.50(6.15) eV for the N, molecule and
225 475(4.95) eV for the [C,]*” anion by the RCCSD(T)
226 (MRCISD+Q) methods. Experimentally, only the correspond-
227 ing T, value for the N, is available, namely T, = 6.223 eV, in
228 good agreement with our calculated values.

229 Among [C,]*, [C,]7, and C,, [C,] is the lowest in energy
230 species. The ground X 22g+ state of the [C,]™ anion is a single
231 reference state where two and a half bonds, 6'7*7%, are formed.
232 Both C species have 1.72 e™ at the 2s orbital, and the bond is
233 formed between C(°P) + C™(*S), so the C atom is not excited
234 in the S state, which corresponds to the sp3 hybridization. The
235 [C,]*” is the simplest dianion; it is a metastable system, and its
236 lifetime has been measured at 0.1 fs.'® Here, it was found that
237 the X 'E." state of the [C,)*" is lying 3.62(3.63)[3.85] eV
238 above the X 22g+ state of [C,]” at the B3LYP(CCSD(T))-
239 [MRCISD+Q] methods in good agreement with the
240 previously calculated value of 3.5 eV."

241 Regarding the NH molecule, both the X*L™ and a'A states
242 have a ¢® bond. Specifically, in the X 3T state, the bond is
243 formed from the atomic ground state of N(*S), while in the
244 a'A state, the bond is formed from the atomic excited state
245 N(*D); the corresponding valence orbitals are 162617 12!
26 (X°L7) and 16%26°12* (a'A). The D, value of X state is
247 3.49(3.50) eV at RCCSD(T)[MRCISD+Q] methods in
248 excellent agreement with available theoretical results*' and
249 the experimental value of 3.47 eV.”” Finally, the ground state of
250 the NH™ anion, X?I1, was calculated, which correlates to N~
251 (°P) + N(?S). It is more stable than the neutral atom by 0.23
252 eV at the RCCSD(T)/aug-cc-pVTZ. The dissociation energy

—_

—

=

-

was calculated at 4.03 e,V and the formed bonding is a 6 253
bond, see Table 1. 254

3.1. N;NH and HNN,NH

Many different structures of the N,NH and HNN,NH 2s5
molecules of the singlet, triplet, and quintet spin states were 256
investigated. The obtained minimum structures are shown in 257
Figure 1, while selected geometries are given in Tables 2 and 3. 258
For both molecules, the lowest energy N,NH and HNN,NH 259
structures are singlet spin states. Their triplet states are 2.40 260
and 1.75 eV higher in energy, respectively, at RCCSD(T)/aug- 261
cc-pVTZ, while the quintet states are 5.62 and 4.46 eV, 26
respectively, see Figure 1. Finally, note that the N,NH and 263
HNN,NH structures are open structures, the closed ring 264
structures, i.e., structures having a triangular N or square N, 265
are higher in energy by 1.65 and 0.58 eV, respectively. 266

The global minimum structure of the N,NH (ml) is 267
obtained via the formation of a dative bond between the N, (X 268
1Zg+) and the NH (4'A) molecules, ie., N=N->N-H. 29
Specifically, in the NH (a'A) state, the N (*D; | 270
25%2py"2p,122p_,°>) forms a ¢* bond with the H(*S), while 271
the empty 2p° of the N of NH forms a dative bond with the 2s> 272
orbital of the N of N,, Scheme 1. As a result, both Mulliken 273
and NBO analysis show that about 0.6 e” is transferred from 274
N=N to the N atom of the NH (a'A) molecule via the dative 275
bond, while the N atom of the N, that forms this dative bond 276
is positively charged, see Table 4 and Table 4S of Supporting 277
Information (SI). The valence molecular orbitals related to 27s
chemical bonding (see Scheme 1) are shown in Figure S1 and 279
SI. Regarding the geometry of the 'N,NH (ml), bond 2s0
distances indicate the states involved in the diatomic 281
molecules, i.e., N,(X 1Eg+) + NH (a'A) molecules. The N= 282
N distance is only by 0.03 A elongated with respect to the free 2s3
diatomic N, molecule, while the N—H is shorter in the N,NH 284
(m1) by 0.02 A than the diatomic NH (a'A) molecule. The 285
"N,NH (m1) molecule has a planar geometry, and the angle 256
@unx is 110 degrees, close to 90 deg, since the dative bond is 287
perpendicular to the ¢ bond of the NH. Finally, the PEC of 2ss
the N,NH molecule with respect to the N, + NH at all used 289
multireference levels of theory is depicted in Figure 3, where 290
clearly shown that the PEC correlates to N,(X 1Zg+) + NH 291
(a'A). The formation energies AE, of the NH + N, — N,NH 29
at the CCSD(T)[QCISD(T)] {MRCISD+Q}/aug-cc-pVTZ is 293
calculated at —2.59[—2.61]{2.32} eV, see Figure 3 and Table 204
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Table 3. Bond Distances R (A), Angles ¢ (Degrees) and Dipole Moments g (D) of the Calculated Minimum Structures of the
L3SHNN,NH, "**[HNC,NH]*~ and *[HNC,NH]~ Species at the B3LYP/6—311+G(d,p) and RCCSD(T)/aug-cc-pVIZ*

Methods

str.

ml

a

m2
m3
m4

mS$

ml
m2
m3
m4
m$

mé6

ml
m2
m3

m4

ml
m2
m3

m4

ml
m2
a

m3
m4

m$

ml

m2

ml

m2

b
Ry x

1.405
1.439
1.559
1.526
1.277
1.277
2.022

1.286
1.293
1.239
1.988
2.019
1.427
1.448

1.382
1.382
1.381
1.422

1.286
2.185
1.381
1.377

1.254
1.252
1.264
2.109
1.366
1.345

1.284
1.949

1.252
1.251

RX—NH

1.232
1.242
1214
1.231
1.401
1.402
1.357

1.269
1.276
1.285
1.432
1.431
1.412, 1.481
1.390, 1.455

1.313
1.303
1.308
1.291, 1.364

1.348
1.442
1.535
1.540

1.303
1.311
1317
1.423
1.428, 1.567
1.631, 1.418

1.245
1.388

1.309
1.309

Ry n

1.030
1.028
1.044
1.041
1.022
1.020
1.013

1.023
1.023
1.024
1.023
1.026
1.026
1.029

1.034
1.033
1.033
1.032

1.017
1.015
1.030
1.030

1.027
1.028
1.024
1.006
1.037
1.030

1.030
1.016

1.024
1.024

Rl—IN-Nl—I

1.443
1.438
1.356

1431
1.431
1.445
1.461

1.022

1.494
1.511

1.506
1.513

3.861
3.858

'HNN,NH

SHNN,NH

SHNN,NH

[HNC,NH]*~

3[HNC,NH]*~

S[HNC,NH]*~

2[HNC,NH]~

PHNX PNxx dnxxn dunnn H
106.13 113.57 89.28 0.194
105.40 110.21 88.03
111.15 111.64 180.00 0.000
109.59 111.01 180.00
114.28 93.01 9.61 121.52 3.065
115.06 93.29 0.00 0.00 4.075
126.64 83.63 —-0.09 0.021
106.93 123.24 180.00 0.000
105.91 122.27 180.00
108.62 126.49 0.00 0.967
112.73 86.13 25.62 1.531
113.00 88.02 —15.83 1.069
115.46 85.20 —19.74 153.92 2.267
116.15 85.58 22.14 8.44 3.848
111.54 115.76 77.38 0.769
113.09 117.32 109.36 3.157
111.76 116.87 92.75 2.221
113.59 116.34 62.62 1.359
108.55 150.16 114.64 0.456
125.42 83.28 0.00 0.006
108.83, 108.86 91.89, 87.72 6.59 135.92 7.776
107.38, 107.37 92.48, 87.51 —-0.02 0.00 8.045
110.35, 108.59 167.13, 175.79 179.93 5.586
109.29 171.96 180.00 0.000
109.90 166.77 180.0
132.16 84.36 —-0.04 0.003
112.15, 108.93 102.14, 90.06 10.66 10.75 3.679
104.61, 111.48 81.16, 106.13 4.50 140.98 5.592
121.31 168.21 114.21 1.898
135.44 90.84 0.00 0.003
109.77 171.34 180.00 180.00 0
109.99 174.53 0.08 0.000 3.040

“RCCSD(T)/aug-cc-pVIZ. bThe X atom corresponds to the N or C atom of the N, or [C,]*".

Scheme 1. Chemical Bonding of the *N,NH and

L3HNN,NH Molecules

IN,NH (m1)
i
:N=N: N

Ny(X’E,) NH(a'A)

THNN,NH (m1, m2)

N=

A=K
/ \
N H

NCE)

NH(X3E")

NH(X’E")

3N,NH (ml)
i

N,(4°E,) NH(X’L")

*HNN,NH (m1)

NH(X L")

N,(°E)

NH(X L")

205 5. Our best value is obtained with the CCSD(T) and
206 QCISD(T) methods. Note that the coefficient of the main
297 configuration function of the CASSCF(MRCISD) method is

0.95(0.91), and thus, the state can be considered as a mainly
single-reference state. Finally, it should be noted that the
"N,NH (m1) molecule is lower in energy than the ground
state of the diatomic molecules by 0.69[0.71] eV.

The lowest in energy triplet state, ie, "N,NH (ml), is
formed via the N,(A’Z,*) + NH(X*Z") via the formation of a
covalent bond, see Scheme 1, which is formed between two p*
orbitals of the adjacent N atoms, and as a result, the @yxx angle
is 67 degrees, see Table 2. While the two unpaired electrons
are originally located at the two remote N atoms, they are
delocalized in the whole molecule, as is shown from the
valence molecular orbitals in Figure S1 of SI and Tables S5—
S6. The PEC of the *N,NH molecule with respect to the N, +
NH shows an avoided crossing at about 1.8 A between two
states correlated to N,(A’Z,") + NH(X°Z") and N,(X'Z,") +
NH(X?Z"), see Figure 3. The reaction energies with respect to
the in situ diatomic molecules, i.e.,, *N,NH (m1) — N,(A’Z,")
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Table 4. Mulliken and NPA Charges of the Atoms of the Selected Minimum Structures of the "**N,NH, "**HNN,NH,
L35[C,NH]*", "**[HNC,NH]*", >[C,NH]", and >[HNC,NH]" Species in the B3LYP/6—311+G(d,p) Method

species minimum population Analysis H N X X N H

1NZNH ml Mulliken —0.05 0.50 —0.69 0.25

NPA —0.06 0.22 —0.53 0.37

3N,_NH ml Mulliken —0.08 0.01 —0.16 0.23

NPA 0.02 -0.10 -0.23 0.31

1HNNZNH ml Mulliken 0.26 —-0.40 0.14 0.14 —-0.40 0.26

NPA 0.33 -0.31 —0.01 —-0.01 -0.31 0.33

3HNN2NH ml Mulliken 0.27 -0.32 0.05 0.05 -0.32 0.27

NPA 0.34 -0.35 0.01 0.01 -0.35 0.34

'[C,NH]*~ NPA -1.02 -0.10 -1.16 027

3[C,NH]*" ml NPA —0.64 —0.53 -1.05 0.21

[HNC,NH]> ml NPA 0.28 -1.05 —0.23 —0.23 -1.05 0.28

3[HNC,NH]* ml NPA 027 —0.92 ~0.10 —0.46 ~1.01 022

3[HNC,_NH]2_ m2 NPA 0.25 —0.98 -0.27 -0.27 —-0.98 0.25

[C,NH]" ml Mulliken —0.47 —0.08 —0.74 0.30

NPA -0.59 -0.05 —-0.53 0.16

2[HNC,NH]" ml Mulliken 0.15 —0.59 —0.06 —0.06 —0.59 0.15

NPA 0.30 -0.83 0.04 0.04 -0.83 0.30

3[HNC,NH]" m2 Mulliken 0.15 —0.62 —0.03 —0.03 —0.62 0.15

NPA 0.30 -0.83 0.04 0.04 -0.83 0.30
10 M P —— *N.NH 1 the N,NH was retained in the HNN,NH molecule, it would be 331
0. . CAS v - CAS I expected that the bonding would be H-N«N=N->N-H; 332
| § |--e- MRCISD MRCISD however, calculations show that this does not occur in the 333
8'_ :.' MRCISD+Q - -+ - MRCISD+Q [ lowest energy state, and the molecule presents a different 334
7 -:1‘; H(XBZ') N4 32;)'. bonding scheme.1 N 335
6 1w et N Thus, for the "THNN,NH molecule, two minima, m1 and 336
5] :"". ' ] m2, are calculated as the lowest ones, see Figure 1. They 337
% 4] :"'.‘. s ] present some differences in their geometry; however, they are 333
; ] L N,NH ] energetically degenerate; see Figure 1. In both minima, the 339
< 37 % v \. . e triple bond of the N, becomes single, and its N atoms form 340
2'_ 3 \:»"':' Pk e ,,,,E\IE(_MAL),LJ_F_NZ(f_Z_g_)' double bonds with the NH(X?X"). For both ml and m2 341
14 :' ‘:?/\‘{ . NHOES) 4 N0 structures, the in situ diatomic molecules are NH(X°Z") + 34
0] ;‘\v;'-”r- “Ne. ,_,___g_z) z(,__z.gl N,(°%,") + NH(X’Z"). The ml and m2 differ in which p 343
1] 1NZNH‘-M’ ] electrons of the N atoms of the N, formed the single bond in 344
— r r r — N,, and which p electrons formed a double bond with the NH 345
05 10 15 20 25 30 35 40 45 molecules. Thus, in ml the two HN=N atoms are 346
R (N,-NH) (Angstrom) perpendicular to each other, while in m2 they belong to the 347

Figure 3. Potential energy curves of the dissociation of the N;H — N,
+ NH at the CASSCF, MRCISD, and MRCISD+Q/aug-cc-pVTZ
levels of theory. As zero energy has been assigned the diatomic
ground state products.

+ NH(X*Z") is —4.99[—4.72] eV at the CCSD(T)[MRCISD
+Q]/aug-cc-pVTZ method, however with respect to the
correlated diatomic products, i.e., NZ(XlZg") + NH(X’T"), is
1.71 eV, see Table 5 and Figure 3. Note that the minimum
N,NH (m1) is very shallow, even though it is a true
minimum. However, it breaks very easily, and a linear van der
Waals dimer N—H:--N=N is formed with a H--N bond
distance of 2.600 A and a formation energy of —0.03 eV, at the
RCCSD(T)/aug-cc-pVTZ level of theory. Similarly to the
previous singlet state structure, the coefficient of the main
configuration function of the CASSCF(MRCISD) method is
0.95(0.91), and thus, the state can also be considered as a
mainly single-reference state.

The addition of a second NH at the N,NH molecule results
in the HNN,NH molecule, see Figure 1, however this addition
affects the bonding of the N, central group. If the bonding of

same plane; see Figure 1. Furthermore, since the p electrons of 343
the N atoms are involved in the bonding, the @y and @nxx 349
angles are about 110 degrees. The fact that there are about 110
degrees and not ~90 deg is due to the steric effect. If the N—H
and N—N distances were larger, it would be expected to have
HNN angles of 90 deg."* Moreover, only the N atoms of NH
are negatively charged by about 0.4 e”, while the central N
atoms are not charged. The '"HNN,NH (ml and m2) are
stable and the reaction energy with respect to the ground state
diatomic molecules, i.e., N, (X 12g+) +2 X NH(X %) is about 357
—2.8 eV at both RCCSD(T) and QCISD(T) levels of theory,
while with respect to the in situ diatomic products, ie., 2 X
NH(X 3Z7) + N,(°Z, "), is —11.93 eV.

The lowest in energy triplet state, i.e, "HNN,NH (ml), is
formed via the NH(X’Z") + N,(a’Z,") + NH(X’Z") via the
formation of a single covalent bond of N, with each NH, see
Scheme 1. The geometry of the N,(a’Z,") is retained in the
*HNN,NH (ml), the R, distance of the N=N is elongated
only 0.008 A, cf. Table 1 and Table 3. While the two unpaired
electrons are originally located at the two remote N atoms of
NH, they are delocalized in the whole molecule, as shown from

https://doi.org/10.1021/acsomega.5c09124
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Table S. Reaction Energies AE (eV), Reaction Enthalpies AH,(eV) and Gibbs Free Energies AG,(eV) of the NH + N, —
N,NH and 2 X NH + N, —HNN,NH Reactions at B3LYP/6—311+G(d,p), CCSD(T), QCISD(T), MRCISD, MRCISD+Q/
aug-cc-pVTZ Levels of Theory

B3LYP CCSD(T) QCISD(T) MRCISD(+Q)”
molecule” reactants” AE, AH, AG, AE, AE, AE,
'N,NH (m1) N, + 'NH -3.14 —2.98 —2.60 —2.59(—2.59)¢ —2.61 —2.30(—2.32)

IN,NH (m2) N, + 'NH -1.17 -1.03 —0.66 —0.94 —-0.95
3N,NH (m1) N, + ’NH 1.30 1.37 1.71 1.71 1.68 1.58(1.35)
3N, + ’NH -5.77 —5.66 —5.29 —4.99 —4.84 —4.56(—4.71)
3N,NH (m2) N, + °NH 2.67 2.78 3.15 3.01 3.00
N=N---HN(X’Z") (—0.03)°
SN,NH N, + °NH -2.70 -2.62 —2.24 —2.40 —2.40
'"HNN,NH (m1) 'NH + 'N, + 'NH -7.32 -6.97 —6.15 —6.58(—6.61)¢ —6.59
SNH + 'N, + NH -2.95 —2.60 -1.72 —2.79(-2.82)¢ -2.80
"HNN,NH (m2) 'NH + 'N, + 'NH -7.31 —6.99 —6.18 —6.60(—6.62)° —6.62
3NH + 'N, + NH —2.94 —2.62 —-1.75 —2.81(—2.83)¢ -2.83
'"HNN,NH (m3) 'NH + 'N, + 'NH —6.69 —-6.31 —5.46 —6.03 —6.04
5NH + 'N, + ’NH -2.32 -1.94 -1.03 —2.24 -225
SHNN,NH (m1) INH + 'N, + °NH -3.97 —3.67 -2.83 —2.96(—2.96)¢ -3.01
SNH + °N, + ’NH —13.22 —12.89 —12.05 —11.55(—11.55)¢ —11.42
SHNN,NH (m2) NH + 'N, + ’NH -3.69 —3.40 —2.60 —2.69 —2.73
SHNN,NH (m3) 'NH + 'N, + ’NH -2.17 —-1.85 —1.00 —1.59 —-1.61
SHNN,NH 3NH + !N, + ’NH 0.94 1.15 1.97 1.65 1.62

“Multiplicity of spin is provided as superscript at the left of each compound. PMRCISD (MRCISD+Q). “At the optimized RCCSD(T)/aug-cc-

pVTZ geometry.

369 the valence molecular orbitals in Figure S1 of SI and Tables
370 S4—SS. The reaction energy with respect to the in situ
371 diatomic molecules, ie, NH(X’T™) + N,(A’Z ") + NH-
372 (X°L7) — *HNN,NH (ml) is —11.5 eV at the CCSD(T)/
373 aug-cc-pVTZ method, however with respect to the correlated
374 diatomic products, i.e, NH(a'A) + NL(X'E,") + NH(X’Z"),
375 is 3.0 eV at both CCSD(T) and QCISD(T) methods, see
376 Table S.

377 Finally, MD simulations were carried out for the lowest in
378 energy minima ml structures of the singlet states of the N,NH
379 and HNN,NH molecules via a classical trajectory calculation
380 using a Born—Oppenheimer molecular dynamics model at the
381 BALYP/6—311G+(d,p) level of theory. Starting from these
382 minima structures, the molecules retained their structure
383 during the MD simulations, meaning that both are stable.
384 Additional MD calculations were carried out, where the N,
385 NH and HNN,--NH distances have been elongated at 2.0 A,
386 while the bond distances of the ml structures are 1.225 A
387 (N,NH) and 1.244 A (HNN,NH). After 33.8 and 14.9 fs, the
388 ml calculated minima structures were obtained, respectively.

3.2. [C,NH]*>~ and [HNC,NH]*

380 Different structures of the singlet, triplet, and quintet spin
390 states of the [C,NH]*>~ and [HNC,NH]*~ dianions were
391 investigated, see Figure 2, while selected geometries are given
392 in Tables 2 and 3. Regarding the [C,NH]*~ dianion, all
393 methodologies apart from DFT/B3LYP, predict a triplet state
394 as the ground state. B3LYP predicts a singlet one as the lowest
39s in energy structure, but the energy difference between the
396 singlet and triplet state is only 0.33 eV. Multireference
397 methods also predict the triplet one as the lowest in energy;
398 however, the singlet and triplet state is almost energetically
399 degenerated. Regarding the [HNC,NH]*~ dianion, all
400 methodologies, including the DFT, predict the triplet state as
401 the ground state. At the CCSD(T)/aug-cc-pVTZ method, the

lowest in energy singlet structures are 0.81 and 0.75 eV higher 402
in energy than the triplet ones for the [C,NH]*" and 403
[HNC,NH]*", respectively. The quintet states are 2.83 and 404
1.33 eV, respectively, see Figure 2. Finally, as in the cases of the 4o0s
N,NH and HNN,NH molecules, where the lowest minimum 406
structures are open structures, while the closed ring structures, 407
i.e, structures having a triangular N; and tetragonal N, are 408
higher in energy, similarly the [C,NH]*~ and [HNC,NH]*" 409
dianions are open structures and the closed ring structures, i.e., 410
structures having a triangular C,N and tetragonal C,N, are 411
higher in energy, by 2.29 and 2.48 eV, respectively. Regarding 412
the geometries, the C—C bond distances range from 1.27 to 413
1.46 A, and the corresponding formed bonds range from a 414
single bond (quintet states) to a triple one (singlet states); see 415
Tables 2 and 3 and discussion below. Finally, when there is no 416
direct bond between the two C atoms, their distances are 417
observed at ~2.1 A; see Table 3 and Figure 2. 418

Both global minimum structures of triplet and singlet 419
multiplicity of spin *[C,NH]*~ (m1) and '[C,NH]*~ (m1) are 420
stable with respect to [C,]*” (X 12g+) + NH (X 3Z7) and 41
[C,]” (X22g+) + [NH] (X*T) products. It is interesting to 422
find out if their bonding is the same as that of the isoelectronic 423
N,NH species, or if the stable [C,]™ is involved. Note that 424
[C,]™ is more stable than [C,]*~ by 3.62 eV, and NH™(XII) is 425
more stable than NH by 0.23 eV at the CCSD(T)/aug-cc- 426
pVTZ, thus the electron transfer is favored by both diatomic 427
parts. It should be noted, while in the case of the N,NH 428
species both population analyses, Mulliken and NPA, predict 429
similar atomic electron charges, for the [C,NH]*>~ dianion, 430
Mulliken charges are not reasonable, i.e., very large electron 431
charges are observed in some cases, more than 2 e~ are 432
transferred among atoms, and thus they have not been 433
considered. Regarding the NPA analysis, see Table 5S and SI, 434
in the equilibrium of the 3[C,NH]*” (ml) structure and 435
'[C,NH]*" (ml) structure, one electron is transferred from 436
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437 [C,])*” to the NH, as it is shown via the atomic population
438 analysis, see Table 4. In the singlet state, the electron charge of
439 the [C,]™ anion is in the remote C atom, while in the triplet
440 state, the charge is distributed in both C species, with the
441 remote C atom having the largest charge. Furthermore, in both
442 singlet and triplet states, NPA shows that the natural electron
443 configuration of the C atom, which forms a bond with N, is
444 about 250'922p3'13, see Table S5 of SI, showing that this C
445 species is in its °S state. In the singlet state, a triple bond in
446 form in the [C,]” and a covalent bond between the C atom
447 and the N7, see Scheme 2. Due to this bonding, the ¢yxx angle

N

Scheme 2. Chemical Bonding of the "*[C,NH]*>~ and
L3[HNC,NH]*" Dianions

[CP(X'Ey) [C,NH]* (m1) 3C,NHJ? (m1)
se=c:” H H H
:C=C—-N:  :C=C— N CZC N
Gl @ gy " @ " ®)°
{[HNC,NHJ* (m1)  S[HNC,NHJ* (m1, m2)
H H l-‘l H
| | o = P
:N—CEC—N: :N—C:C—N:

448 is 177 degrees, see Table 2, i.e,, the C=C—N group is almost
449 linear. In the triplet state, the bonding is depicted in Scheme 2,
450 where two configurations, (a) and (b), have been considered.
451 In the (a) configuration, the bond in the [C,]™ part is a double
452 covalent bond. In the (b) configuration, an additional bond has
453 been considered where the 2s* of the remote C atom with the
454 2" of the central C atom forms a bond of three electrons
455 (2s72s'), two-center C—C. Both population analysis and
456 molecular orbitals do not clearly show which one is the most
457 possible configuration, and thus, both are reported. However,
4s8 regardless of which configuration is the most possible one, it is
459 clearly observed that the involved [C,]™ anion is in an excited
460 state. Note that in the free [C,]” (X>Z,*) anion, its bond is
461 formed between C(2s*2p®) and C_(Zs§2p3), while in both
462 [C,NH]*™ (m1) and '[C,NH]*~ (m1) structures the central
463 C atom is in its °S(2s'2p) state.

464  To further clarify the bonding PEC of both *[C,NH]*~ and
465 '[C,NH]* states, the PEC of the states was plotted as the
466 C,--NH distance is increased, see Figure 4. Note that the
467 triplet state is a single reference state; ie., the CASSCEF-
468 (MRCISD) coefficient of the main configuration state is
469 0.95(0.90), while the singlet state is a multireference state,

=

—

' [C,NHT* *[C,-NHT*
--e - MRCISD - -¢ - MRCISD
- -&- MRCISD+Q | - -+ - MRCISD+Q

s{ |lCcr& Zzg

+NH-(B’%") [c,” (XE )+NH(X2)-
49 P T
PRGN T SRR "44‘.‘_‘ v-.___._
> 31 SIlIIrtreeenan,]
O # *emeeelllllng
= 24 4-," 20 + 2 7'-i
< [CF(X7s )+ NH (47%)

1 2-
] CNH
] i
[C,NH]"

T T T T
2 4 6 8 10

R(C,-NH) (Angstrom)

[C,] (75, + NH (X’1)

Figure 4. Potential energy curves of the dissociation of the [C,NH]*~
— [C,]*™ + [NH]", where n = 0 and 1 at the MRCISD, MRCISD
+Q/aug-cc-pVTZ levels of theory. As zero energy has been assigned,
the lowest diatomic products are [CZ]_(XZEg+) + [NH]™(XI0).

where in the equilibrium an open singlet configuration state 470
function is involved with a CASSCF(MRCISD) coefficient of 471
0.88(0.84), while two closed shell singlet configuration states 472
function with a coefficient of 0.25(0.24) each one. As 473
mentioned before, in the equilibrium, the C atom in the 474
middle is in its °S(2s'2p®) state, and this state changes to the 475
3’P(2522p2) state due to an avoided crossing around 2.8 A 46
Thus, both states correlate to [C,]~ (X22g+) + NH™(A’Z7), 477
see Figure 4. Note that the two states are almost energetically 478
degenerate at the MRCISD level of theory, with the triplet one 479
being the lowest one. 480

The reaction energies of different minima structures and 4s1
different spin states with respect to possible NH” + [C,]*", n = 482
0, and —1 are given in Table 6. The reaction energy of the 48316
lowest triplet state with respect to the 1owest ground state 484
species is [C,]7(X’Z,") + NH™(X’IT) — *[C,NH]*" (ml) is 4ss
—1.14{-1.13}[— 097] eV at the CCSD(T){Q_CISD(T)} 486
[MRCISD+Q] methods, whlle for the reaction is [C,]*” 487
(X'Z;") + NH(X’Z™) - ’[C,NH]*™ (m1) is —4.99{—5.00} 4ss
[—4. 98] eV. Thus, all used methods result in the same reaction 489
energies. Regarding the lowest singlet state, the calculated 490
reaction energy with respect to the lowest ground state species 491
is [C,]” (X*%,") + NH(X?I) IC,NH]*™ (ml) is 492
—0.33{=0.31}1-0.94] eV at CCSD(T){QCISD(T)}- 43
[MRCISD+Q], while for the reaction is [C,]*7(X Z,") + 494
NH(X’°T") — [C,NH]*" (ml) is —5.31{—5.30}[—5.91] eV. 495

The addition of a second NH at the [C,NH]*~ molecule 496
results in the [HNC,NH]*~ molecule, see Figure 2. This 497
addition affects the bonding of the C, central group. In the 498
equilibrium of the ![HNC,NH]*~ (m1) molecule, the NPA 499
shows that the electron configuration of both C atoms is s00
25*%92p>!* while adding in the 2s population, the electron so1
charges of 3s and 4s orbitals become 2s"2p*'® showing that so2
both C atoms are in their °S atomic state. The electron charge s03
is transferred to the N atoms, and thus two NH™ anions are so4
involved, while the C atoms are charged only by —0.2 e, see s0s
Table 4 and Table 5S of SI. The bonding is plotted in Scheme s06
2. The H(1s') is bonded to the p' orbital of the N™(*°P), while so7
the other unpaired p' electron forms a bond with the —C= sos
C—, resulting in a CNH angle of about 111°, larger than the s09
90° due to the short N—H bond distance. The reaction sio
energies resulting from the in situ diatomic species C,(X 'Z,") su
+2 X NH™ (X*I1) - '[HNC,NH]*" (ml) is —7.82[— 778] s12
eV at the CCSD(T)[Q_CISD(T)] methodologles, with respect 513
to the [C,]*7(X 'Z,") + 2 x NH(X°Z") - '[HNC,NH]*" s14
(m1) is —8.74[-8. 73] eV, while for the reaction with respect sis
to the lowest in energy diatomic products [C] ~(x*= +) + 516
NH(X’X™) + NH™(X) '[HNC,NH]*~ (m1) 517
—4.86[—4.85] eV. 518

For the *[HNC,NH]*>" molecule, the two calculated si9
minima, ml and m2, are energetically degenerated, while 520
there are differences in their geometry mainly regarding the s21
relative position of the two H atoms, see Figure 2. Again, the 522
electron charge is transferred to the N atoms, so the NH™ s23
anions are involved in both [HNC,NH]*~ (ml) and (m2). sz
The electron distribution of each C atom is about 25*%2p*! at s25
ml and m2, see Table 5S of SI; meaning that two C(°S) s26
atomic states are involved. The bonding between the C atoms 527
is a double bond, while one unpaired electron at each C atom s28
exists, which presents a small interaction with the 3s s29
unoccupied orbital of the other C atoms. This is the reason s30
why the C atoms present about 3s”?°, while in the s31
'[HNC,NH]*~ (m1) molecule, the C atoms have 3s®'* The s3,
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Table 6. Formation Energies AE, (eV), Reaction Enthalpies AH,(eV) and Gibbs Free Energies AG,(eV) of the NH + [C,]*” —
[C,NH]*” and 2 X NH + [C,]*” - [HNC,NH]*>" Reactions at B3LYP/6—311+G(d,p), CCSD(T)/aug-cc-pVTZ and

QCISD(T)/aug-cc-pVTZ Levels of Theory

B3LYP CCSD(T) QCISD(T) MRCISD(+Q)®
molecule “ reactants AE, AH, AG, AE, AE, AE,
'IC,NH]* (m1) [C,)* + 'NH —6.46 —6.33 —5.96 —6.08(—6.08)" —6.07 —6.30(—6.61)

3[C,)* + °NH —-6.56 —6.43 —6.00 —5.31(=5.31)" —-5.30 —5.43(-5.91)
2[C,]” + *NH™ —-0.25 —-0.12 029 —0.33(—0.33)“ —0.31 —0.54(—0.94)
TC,NH]*™ (m2) 1C,]*” + 'NH —4.10 —4.00 —-3.65 —-3.90 -3.89
3[C,)* + °NH —4.19 —4.10 -3.69 -3.13 -3.11
3[C,NH]*™ (m1) '[C,]* + °NH -395 -3.80 -3.42 —4.99(—4.99)“ —5.00 —4.64(—4.98)
3[C,)* + 3NH -6.23 —5.68 —6.09 —6.12(—6.12)“ —6.12 —5.46(—5.94)
3[C,)* + 'NH —8.41 —8.27 —-7.89 —8.01(—8.01)" —8.02 —7.14(=7.61)
2[C,]™ + *NH™ 0.07 0.61 022 —1.14(-1.14)° -1.13 —0.56(—0.97)
3[C,NH]*™ (m2) [C,]* + °NH -1.02 -0.92 —-0.56 -2.71 -2.71
3[C,)* + 'NH —5.49 -5.39 —-5.03 -5.73 -5.72
S[C,NH]* 3[C,)* + °NH -321 -3.11 -2.73 -3.29 -3.30
'[HNC,NH]*" (m1) 'NH + '[C,]*” + 'NH —12.70 —1241 —11.61 —12.50(—12.53) —12.52
3NH + '[C,]*” + °NH —8.33 —8.04 -7.18 —8.71(—8.74)" —8.73
3NH + ’[C,)*” + 'NH —12.79 —12.51 —11.65 —11.73(-11.76) —11.74
INH™ + '[C,] + *NH~ —-827 -7.97 —-7.14 —-7.82 —7.78
NH™ + *[C,]” + °NH —4.30 —4.01 -3.15 —4.86 —4.85
'[HNC,NH]*" (m2) 'NH + '[C,]* + 'NH —9.65 —9.34 —8.51 —10.11(-10.13)¢ —10.11
3NH + '[C,]* 3NH —5.28 —4.97 —4.08 —6.32(—6.34)" -6.32
3NH + ’[C,)*” + 'NH —9.74 —9.43 —-8.55 —9.34(—9.36)" -9.34
S[HNC,NH]*~ (m1) 'NH + '[C,]* + NH —10.80 —10.49 —9.69 —11.36 —11.38
3NH + '[C,]*" 3NH —-8.62 —-8.30 —7.47 -9.47 —9.48
INH + ‘[CZJZ NH —-15.26 —14.96 —14.16 —14.38 —14.39
3NH + ’[C,]*” + NH —10.89 —10.59 -9.73 —10.59 —10.60
INH™ + [C,]™ + 3NH —4.59 —4.28 —3.44 -5.61 —5.61
NH™ + '[C,] + 2NH"~ —-8.56 —8.24 —7.43 —8.57 —8.53
3[C,NH]*" + °NH —4.67 —4.50 —4.05 —4.47 —4.48
3[HNC,NH]*~ (m2) 'NH + ![C,]*” + NH -10.79 —10.49 -9.67 —11.34(-11.35)“ —11.35
INH + 3[C,]* + 'NH —-15.25 —14.96 —14.14 —14.36(—14.37) —14.37
3NH + ’[C,]*” + NH —10.88 —-10.58 -9.71 —10.57(-10.58)“ —-10.57
3[HNC,NH]*~ (m3) 'NH + '[C,]*” + °NH —7.62 —7.28 —6.45 —8.89 —8.89
INH + 3[C,]*” + 'NH —12.08 —11.74 -10.92 —11.90 —11.91
3NH + *[C,)*” + NH -7.71 -7.37 —6.48 —8.12 —8.12
S[HNC,NH]*" (m1) 3NH + '[C,)*” + °NH —-7.02 -6.71 —5.85 —8.14 —-8.17
5NH + ’[C,)*” + 'NH —1148 —11.18 —-10.32 —-11.16 —11.18
S[HNC,NH]*~ (m2) 5NH + '[C,]* + °NH —-3.40 -3.07 -221 -5.93 —5.94
3NH + °[C,)*” + 'NH —7.86 —-7.53 —6.68 —8.95 —8.95
’[C,NH]™ (m1) ’[C,]” + 'NH —7.41 -7.27 —6.89 —-6.81 —-6.81
’[C,]” + °NH -5.22 —-5.08 —4.68 —491 —4.91
C, + °NH~ —-9.19 —9.04 —8.67 —-7.87 —7.84
2[HNC,NH]~ (ml) ’[C,NH]™ + 'NH -6.77 —-6.59 —6.14 -6.31 -6.32
2[C,NH]~ 3NH —4.58 —4.40 -3.92 —4.42 —4.42
INH + 2[C,]” + 'NH —14.17 —13.85 —13.03 —-13.12 —13.13
SNH + 2[c2] —11.99 —11.67 —-10.82 —11.22 -11.23
3NH + %[C,]™ + —9.80 —9.48 —8.60 -9.33 -9.33
NH™ + !'C, + ’°NH —-13.77 —13.44 —12.59 —12.29 —12.26

“At the optimized RCCSD(T)/aug-cc-pVTZ geometry.

reaction energies with respect to the ground states of the in
situ diatomic species C,(X '%,") + 2 x NH™(X)
3[HNC,NH]*" (ml) is —8.57[—8.53] eV at the CCSD(T)
{QCISD(T)} methodologies, w1th respect to the [C,]? (X
'T,) + 2 X NH(X’ZL") - °[HNC,NH]*" (ml) i
—9.47[ 9.48] eV, while for the reaction with respect to the

lowest in energy diatomic products [C,]” (x = +) + 539
NH(X’X") + NH (X*II) — ![HNC,NH]*~ (m1) is s40
—5.61[—5.61] eV, see Table 6. 541

Finally, MD calculations of the lowest energy singlet and s
triplet states of the [C,NH]*~ dianion and the triplet state of 3
the [HNC,NH]*>~ dianion were carried out via a classical s44
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trajectory calculation using a Born—Oppenheimer molecular
dynamics model at the B3LYP/6—311G+(d,p) level of theory.
Starting from these minima structures, the molecules kept their
structure, meaning that both are stable until 15S fs. The bond
stretch toward the [C,-NH]*", [C,N--H]*~, [HNC,--
NH]*>", and [HNC,N-H]*~ bonds was investigated. In all
cases, the ml structures present the most stable potential
energy. Furthermore, additional MD calculations were carried
out, where the [C,~NH]?*~ and [HNC,--NH]*~ distances

ss+ were set as 2.0 A. Regarding the [C,~-NH]*", the m1 minima

[C,NH]*" dianion structures are stabilized after 18.6 fs (for
the m1 singlet state) and 25.5 fs (for the m1 triplet state). On
the contrary, regarding the [HNC,+NH]?>~ dianion, the
system breaks to [HNC,]>~ + NH; however, it is higher in
energy than the m1 structure of the [HNC,NH]*~ dianion. It
should be noted that the reason why the small bond stretch
does not break the [C,NH]*~ and [HNC,NH]*" is that either
the [C,]” or the C, group that is stable is involved in the

563 bonding.

3.3. [(,NH]~ and [HNC,NH]"

The electronic and molecular structures of the [C,NH]~ and
[HNC,NH]" anions, see Figure 2, were studied to calculate
their electron affinity. The electron detachment of the [C,]*7,
[C,NH]*", and [HNC,NH]*" dianions is calculated at 3.62,
3.54, and 3.48 eV, respectively, showing that the addition of
each NH reduces it by 0.06 eV. Note that MD simulations
have shown that both dianions, since they formed, can remain
for enough time so as to be experimentally observed.
Regarding their bonding, in [C,NH]™ the charge is
distributed in the remote C atom and in the N atom, while
the central C atom is in the 35S excited state. So, three
configurations are possible. Note that the (a) and (b)
configurations correspond to the same diatomic reactants
[C,]™ + NH, while the (c) configuration corresponds to C, +
NH™. We can consider that the bonding is described by the (a)
and (b) configurations because both populations show that the
charge in the remote C atom is larger than the charge in the N
atom. In the [HNC,NH]  anion, as in the case of the
[HNC,NH]*" anion, both C atoms are in their 3S excited
state, while the charge is distributed to the N atoms, see
Scheme 3. Thus, the (d) and (e) configurations equally

Scheme 3. Chemical Bonding of the >[C,NH]™ and
2[HNC,NH]~ Dianions

*[C,NHJ (m1)

contribute to the bonding. They differ in which nitrogen is
negatively charged. The (f) and (g) configurations differ from
the (d) and (e) ones in which atom C or N has the unpaired
electron. While the unpaired electron is distributed to the

589 whole molecule, the density is more intense at the center than

at the remote atoms; therefore, the (d) and (e) configurations
are the favored ones. Furthermore, the short N—C bond

distance of 1.309 A is in accordance with the formation of a 1.5 592

bond on average, see Scheme 3.

The reaction energies with respect to the lowest in energy s94

diatomic products are —4.91 eV for the reaction [C,] (X ZZg*)
+ NH(X 327) — %[C,NH]™ (ml) and —9.33 eV for the
reaction [C,]7(X ’%,") + NH(X’Z") + NH (X’I) -
2[HNC,NH]™ (ml) at the CCSD(T) method. Finally,
formation reaction of the [HNC,NH]~ from [C,NH], i.e.,
2[C,NH]™ + NH(X*X") — *[HNC,NH] is —4.42 eV, similar
to the value of —4.47 eV for the addition of the NH(XZ"™) to
the 2[C,NH]*", see Table 6.

3.4. Comparison N,NH and HNN,NH vs [C,NH]?>~ and
[HNC,NH]*~

In general, all methodologies used, namely B3LYP, CCSD(T),
QCISD(T), MRCISD and MRCISD+Q_predict similar
energetics regarding reaction energies and relative ordering
of the structures, except for [C,NH]*", i.e., B3LYP predicts a
singlet structure lower in energy than a triplet one; however,
their B3LYP energy difference is only 0.33 eV. Multireference
methods also predict the triplet one as the lowest in energy;
however, their energy difference is only 0.03 eV.

The N, and [C,]*” species are isoelectronic, and even
though both form a triple bond in their X 1Eg+ state, and a
double bond in their first excited A’ * state, the A’Z* lies
higher than the X state at 6.2 eV in N,, and only at 1.1 eV in
[C,]*". Thus, their binding energies and relative stability differ.
These differences, along with the metastable nature of [C,]*",
influence the binding energy, the relative stability, and the
bonding of the N,NH, HNN,NH, [C,NH]*", and
[HNC,NH]*" species.

Thus, both N;H and N, H, molecules present singlet spin
ground states, while both [C,NH]*™ and [C,N,H,]*" dianions
present triplet spin ground states, for the [C,NH]*~ dianion,
both singlet and triplet states are almost energetically
degenerate. In both molecules, the attachment of the second
NH to the X,NH can affect the bonding of the X,, NH, and
X,—NH, and the charge of the X, species, where X = N or C".

In Figure S, the reaction energies of the (a) 2 X NH + N, —
HNN,NH — N,NH + NH — 2 X NH + N, and (b) 2 x NH
+[C,]*” -» [HNC,NH]*" — [C,NH]*" + NH — 2 X NH +
[C,]*" reactions at the CCSD(T)/aug-cc-pVTZ level of theory
are presented to show the difference observed in both systems,
ie, N,NH vs [C,NH]*" and HNN,NH vs [HNC,NH]*".
Thus, the reaction HNN,NH — N,NH + NH is less
demanding than the [HNC,NH]*" — [C,NH]*~ + NH due
to the fact that the bonding change in the central N, during the
attachment of the second NH, while in the case of the [C,]*~
does not change. Specifically, in the N,NH, the N=N is
involved and in HNN,NH the =N—N= , while in both
[HNC,NH]*" and [C,NH]*" the C—C bonding is similar, i.e.,
a triple “C=C” bond in both singlet states and a double “C=
C” bond in both triplet states.

Furthermore, even though [C,]*" has been observed, it is
metastable due to an autodetachment process, where an
autoionization process occurs, and the electron is sponta-
neously emitted. The [C,] is more stable than [C,]*” by 3.62
eV, while the NH™(XI1) is more stable than NH by 0.23 eV at
the CCSD(T)/aug-cc-pVTZ. So, the [C,]*” does not be
retained in the [C,NH]*~ and [C,N,H,]*” dianions;
specifically in the [C,NH]*", the [C,]™ is involved with a
triplet bonding in the case of '[C,NH]*" and a double in the
case of the 3[C,NH]*", while when a second NH is added, the
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Figure S. Reaction energies of: (a) 2 x NH + N, - HNN,NH —
N,NH + NH - 2 X NH + N, and (b) 2 X NH + [C,]*” —
[HNC,NH]*" = [C,NH]*" + NH — 2 X NH + [C,]*” reactions at
the CCSD(T)/aug-cc-pVTZ level of theory.

653 C, is involved with a triplet bonding in the case of
6s¢ '[HNC,NH]?>~ and a double in the case of the
6ss [HNC,NH]*". In all cases, the C (°S) atomic state is
656 involved.

657  Finally, the X—X and N—H bond distances of X,NH and
658 HNX,NH, where X = N and C7, reflect the geometries of the
659 corresponding diatomic fragments. Comparing the global
660 minimum of the X,NH species, namely, 'N,NH (ml),
661 J[C,NH]*~ (m1), and *[C,NH]", the 'N,NH structure has a
662 X—X bond distance of 1.136 A, whereas the *[C,NH]*>~ and
663 Z[CZNH]_ species exhibit elongated X—X bond distances by
664 about 0.15 A. The N—H bond distances in these three species
665 are similar, while the X—N bond distance is approximately 0.06
666 longer when X is C or C™. Comparing the geometries of
667 '"HNN,NH (m1), 3HNN,NH (m1), *[HNC,NH]* (ml),
668 and *[HNC,NH]~ (m1), the first one presents an elongated
669 X—X bond distance of 1.439 A, corresponding to a single
670 bond. In contrast, the remaining species display significantly
671 shorter X—X bond distances, consistent with multiple bonding.
672 Specifically, the X—X bond distance is 1.293 A for the
673 "HNN,NH, while both 3[HNC,NH]*>~ and *[HNC,NH]~
674 exhibit the same shorter distance of about 1.253 A. Finally, it
675 is worth noting that both *[C,NH]*~ and *[C,NH]~ possess
676 similar geometries as do *[HNC,NH]*~ and *[HNC,NH]".

—

fy

4. CONCLUSIONS

677 In the present study, the electronic and molecular structure,
678 the chemical bonding, and thermochemical stability of the
679 N3;H and N,H, molecules and of the isoelectronic [C,NH]*~
680 and [C,N,H,]*” anions are studied via DFT, CCSD(T),
681 QCISD(T), and MRCISD methodologies. Their dissociation
682 energies with respect to HN + N,, HN + C,”, HN + C,,
683 HN™ + C,” and HN™ + C, moieties are calculated, and
684 potential energy curves were plotted. The energetics of the
685 reaction are gathered in Figure 6 and the reaction enthalpies

Both N, and [C,]*” species are isoelectronic; they present 6ss
the same ground and first excited state, forming the same 689
bonds; however, their binding energies and relative stability 690
differ. These differences, along with the metastable nature of 691
[C,]*7, influence the binding energy and bonding of the 692
N,NH, HNN,NH, [C,NH]*", and [HNC,NH]*" species. 693
Thus, both N,NH and HNN,H molecules present singlet spin 694
ground states, while both [C,NH]*~ and [C,N,H,]*>" anions 695
present triplet spin ground states, while in the case of 69
[C,NH]*" the singlet state is almost energetically degenerate 697
with the triplet one. 698

In the N=N-NH molecule, the NZ(XIZg+) forms a triple 699
bond, the NH is excited at the a'Astate, while a dative bond is 700
formed from the N, to N of the NH (a'A). On the contrary, 701
the HN=N—N=NH has a central N,(°Z,") molecule having 702
a single bond, while the two NH molecules are in their ground 703
state (X 3Z7), and double bonds are formed between the N 704
atoms of N, and the NH molecules. Thus, the addition of the 70s
second NH molecule affects the bonding of the N,. The 706
reaction energies of the NH(a'A) + N,(X'Z o) = NZNH are 707
calculated at —2.59 eV at RCCSD(T). Fmally, the "HNN,NH 7os
(ml and m2), contains an excited state of NZ(SZ *) located 709
9.17 eV above its ground N,(X'Z +) state, with four unpalred p 710
electrons that form two covalent bonds with the NH(X 3%7). 7
The m1 and m2 are stable with respect to the ground state 712
diatomic molecules, and the formation energy with respect to 713
them is —2.83 eV at RCCSD(T), while with respect to the in 714
situ diatomic products, it is increased to —11.93 eV. 715

In the [C,NH]*" anion, one electron is transferred from 716
[C,]*” to the NH, and the bonding is formed between [C,]™ + 717
NHT, i.e,, the charges are located at the N atom and the outer 718
C atom. In [HNC,NH]*" the bonding is formed among 719
2xNH™ + C,. In the singlet states of the [C,NH]*™ and 720
[HNC,NH]*" anions, triple bonds are formed in [C,]™ and 721
C,, respectively. For the triplet state of the [C,NH]*™ anion, its 722
formation energy with respect to the lowest ground state 723
species [C,]7(X’Z,") + NH™(X’I) - *[C,NH]*" (ml) is 724
—1.14 eV, while for the reaction [C.)” (X'Z,") + NH(XZ™) 725

3[C,NH]*" (ml) is —4.99 eV at the CCSD(T) method. 726
For the triplet state of the [HNC,NH]*~ anion, the reaction 727
energies with respect to the ground states of the in situ 728
diatomic species is, Co(X 'Z;") + 2 X NH (X’II) — 729

3[HNC,NH]*>" (ml) is —8.57 €V, while for the reaction 730
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Table 7. Reaction Enthalpies AH,(eV) of the Calculated reactions” and In Situ Diatomics at B3LYP/6—311+G(d,p),

CCSD(T) and QCISD(T)/aug-cc-pVTZ Methods

reaction” A3LYP CCSD(T) QCISD(T) in situ diatomics

NH(a'A) + N,(X'Z,")—='N,NH —2.98 —2.43 —2.45 NH (a'A) + N, (X'Z.")
2 x NH(X’Z") + N,(X'E,")—"HNN2NH —2.60 —2.44 —2.45 2 X NH (X°Z7) + N, (°%,")
NH(X’Z") + [C,7(X'E,") —°[C,NH]*" —3.80 —4.85 —4.86 NH™(X*I) + [C,]™
2 X NH(X’Z") + [C,]*7(A%%,") =*[C,N,H, >~ —8.30 —-9.16 -9.17 2 x NH™(X*II) + C,

“Multiplicity of spin is provided as superscript at the left of each compound.

731 with respect to the lowest in energy diatomic products, is l AUTHOR INFORMATION 779

- 2% + 31— —(32 1 2—

[C.]” (x g ) + NH(X’Z™) + NH™(XII) ~ '[HNC,NH] Corresponding Author 780

733
734
735
736
737
738
739
740
74
742
743
744
745
746
747
748
749
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752
753
754
755
756
757
758
759
760
76
762
763
764
765
766
767
768
769
770
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—_

771

772

773
774

775
776
777
778

(ml) is —5.61 eV, Table 6.

Finally, while the [C,]*” dianion is metastable, the
attachment of one NH stabilizes it, i.e., both dianions [C=
C—NH]*" and [HN—-C=C-NH]*" are stable with respect to
the ground states of [C,]” and NH by 1.37 and 5.85 eV,
respectively. The electron detachment of the [C,]*” dianion is
3.62 eV, while the addition of one NH reduces it to 3.54 €V,
and the addition of the second NH further reduces it to 3.48
eV. MD simulations show that both dianions, since they
formed, can remain for enough time so as to be experimentally
observed.

The present research not only predicts that the dianions
[C,NH]*" and [HNC,NH]*" can be formed and remain long
enough for experimental observation but also provides useful
information on the bonding of polynitrogen systems, their
reactivity, and their stability. The present results can provide
deeper chemical insights into nitrogen chemistry, while the
potential roles of the calculated species in nitrogen fixation or
nitrogen chemistry can be further investigated. Overall, the
present study can be extended in several ways in future work.
Specifically, future experimental validation of the formation of
the dianions can be conducted to confirm our theoretical
predictions. Furthermore, dynamical and spectroscopic studies
can further investigate the dynamics, vibrational spectra, and
electronic spectra of these species. Additionally, extended
computations on larger polynitrogen systems related to these
moieties could be explored to understand how bonding and
electronic properties evolve with system size. Their potential
roles in nitrogen fixation or nitrogen chemistry, and detailed
mechanistic pathways of formation and decomposition, can
provide deeper chemical insights. Finally, this study can be
further expanded to other isoelectronic systems, such as those
involving carbon—nitrogen or carbon—carbon species with
similar bonding motifs, which could highlight broader
principles governing stability and bonding differences. These
directions would advance the chemical understanding of these
isoelectronic moieties and related species, exploring potential
applications in materials science or nitrogen chemistry.
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